In this study we investigated the potential anti-epileptogenic effect of neuronal connexin Cx36 gap junction blockage via inhibition of microtubule-associated protein 2 (MAP-2) and synaptophysin (SYP) overexpression. Thirty adult male Wistar rats were divided into five groups (six animals per group): control, sham, carbenoxolone (CBX), quinine (QN), and quinidine (QND). An epilepsy model was produced by injecting kainic acid (KA) into the rat amygdala. Broad-spectrum and selective blockers of the Cx36 channel (CBX, QN, and QND) were administered via intraperitoneal injection. Expression of MAP-2 and SYP was assessed by immunofluorescent and immunohistochemical examination. Expression of MAP-2 and SYP was significantly increased after KA administration in the sham group compared with the control group. Expression of MAP-2 and SYP was significantly decreased in the CBX, QN, and QND groups compared with the sham group. The results provide new evidence regarding the key role of MAP-2 and SYP overexpression in three important mechanisms: the modulation of neuronal plasticity, hyperexcitability of the hippocampal neuronal network, and persistent seizure discharge. Furthermore, the reversal of MAP-2 and SYP overexpression following administration of Cx36 channel blockers indicates a potential role for Cx36 channel blockers in anti-epileptogenic treatment and in doing so, highlights a critical need for further investigation of these compounds.
introduction
Neurons are characterized by a complex polar morphology that is essential for their structural and functional integrity. Microtubuleassociated protein-2 (MAP-2) refers to an abundant group of cytoskeletal components that are predominantly expressed in neuronal cells. MAP-2 promotes the assembly of microtubules, while phosphorylation controls its association with the cytoskeleton [1] .
Additionally, MAP-2 is an excellent substrate for various protein kinases, such as cyclic adenosine monophosphate (cAMP) dependent protein kinase, calcium/calmodulin-dependent protein kinase II, and protein kinase C. MAP-2 also plays an important role in the outgrowth of neuronal axons and dendrites, synaptic plasticity, and neuronal cell death [2] . Furthermore, alterations in neuronal morphology caused by neuronal cytoskeletal changes are responsible for the initiation and stabilization of new fibers and synaptic contacts [3, 4] . Synaptophysin (SYP) is an axonal presynaptic vesicle protein that is responsible for synapse formation [5] . Its activity is tightly regulated by several protein kinases and phosphatases that modulate the interaction of SYP with synaptic vesicles and other synaptic proteins.
SYP overexpression is associated with axonal sprouting and an increase in synaptic vesicles [6] . The most well characterized function of SYP is the modulation of neurotransmitter release at the presynaptic terminal. Synaptic plasticity is a fundamental element of neuronal plasticity.
Thus, changes in SYP may lead to neuronal hyperexcitability [7, 8] .
MAP-2 and SYP represent the building blocks of neuronal micro devices that are important for synaptic plasticity [4, 9] . Alterations in synaptic plasticity are associated with the sustained stimulation of limbic pathways and development of generalized convulsions [7, 10] . Gap junctions provide morphological support for the direct diffusion of ions and low-molecular-weight molecules between adjacently coupled cells [11] . Enhanced interneuronal gap junction communication is associated with the modulation of MAP-2 function via interference with the phosphorylation process. Neuronal connexin Cx36 blockers may have an inhibitory effect on the propagation and synchronization of epileptiform activity in vivo [12] [13] [14] [15] [16] and in vitro [17] . To the best of our knowledge, the contribution of MAP-2 and SYP in the antiepileptic process at the neuronal Cx36 gap junction has not been previously reported.
Importantly, confocal microscopy imaging can be used to delineate the structure and distribution of the cytoskeleton, and the data obtained can be subjected to quantitative analysis.
In this study, kainic acid (KA) was injected into the rat amygdala at a micro dose to produce an epilepsy model [18] . Carbenoxolone (CBX), quinine (QN), and quinidine (QND), which are broad-spectrum and selective blockers of the Cx36 channel [11] , were administered to rats via intraperitoneal (i.p.) injection in order to disrupt the epileptic process. The aim of this study was to examine the changes in expression of MAP-2 and SYP using immunofluorescent and immunohistochemical methods. We 
Methods

Surgery
The animals were first anesthetized with 10% chloral hydrate (3.5 ml/kg) and secured in a Fig. 1A) . In the sham group, the staining was thick and dense in the neurons of the KA kindled rats (Fig. 1B) . In the CBX (Fig. 1C), QN (Fig. 1D) , and QND (Fig. 1E) (Fig. 1F) .
Immunofluorescence examination of MAP-2
To further confirm the changes in MAP-2 expression in neuronal cells, immunofluorescence staining was performed.
MAP-2 expression was investigated in the hippocampus and is illustrated as a red plexiform or plaque-like staining (Fig. 2A) .
The sham group exhibited increased MAP-2 expression compared with the control group (Fig. 2B) . The MAP-2 expression was lower in the CBX, QN, and QND groups compared with the sham group (Fig. 2C, D, E, F In the sham group, the staining was thick and dense in the neurons of the KA kindled rats (Fig.   3A ). There was a significant decrease in the SYP (Fig. 3B) . In contrast, there was no significant difference among the CBX, QN, and QND groups (Fig. 3F) .
SYP immunofluores cence staining
Change in SYP expression in neuronal cells was also assessed by immunofluorescent staining. The SYP expression was investigated in the hippocampus and is illustrated as green particles or with a lamellar staining (Fig. 4A) .
Similar results were identified for SYP expression with immunofluoresence staining as with SYP immunohistochemistry. The SYP in the sham group exhibited increased expression compared with the control group (Fig. 4B, F) . In contrast, the SYP expression was decreased in the CBX (Fig. 4C), QN (Fig. 4D) , and QND (Fig. 4E ) groups compared with the control group (Fig. 4F) . with hippocampal plasticity in epilepsy [19] .
Furthermore, a significant decrease of dendritic MAP-2 expression has been demonstrated after epilepsy, whereas a significant increase has been documented during the reinnervation and synaptic reconstruction process after experimental traumatic brain injury [20] . Several reports have demonstrated that KA-mediated excitotoxicity induces neurodegeneration [21] , and the MAP-2 level is reduced in seizurerelated brain damage in adult rats [22] . However, synaptic plasticity occurred after injury, which led to an increase, rather than a decrease, in MAP-2. Another study demonstrated significant mossy fiber sprouting associated with altered MAP-2 expression [23] . Furthermore, studies have also linked MAP-2 with axonal and dendrite outgrowth, which reflects its involvement in neuronal budding [24, 25] . MAP-2 also contributes to the generation of new axons and synaptic plasticity in the reinnervation phase after epilepsy [26] It has also been demonstrated that 3, but not 6, hours of KA treatment is associated with an increased MAP-2 level in young rats [29] .
However, these differential findings may be the result of variation in KA concentration or administration methods. Carbenoxolone is a broad-spectrum blocker of neuronal gap junctions, whereas QN and QND are specific Cx36 channel blockers [11] .
The administration of these three compounds of the temporal lobe in epilepsy patients [31] .
SYP is a marker of the presynaptic terminal and is widely distributed on presynaptic membrane vesicles. Furthermore, SYP is associated with synaptic plasticity [32] . Neuronal axon sprouting is responsible for SYP overexpression, and the overexpression of SYP is involved in the up-regulation of presynaptic terminals and synaptic vesicles [33] . As a result, the number of synaptic connections is increased. It has been reported that the synaptic connections between hippocampal sprouted mossy fibers and neuronal dendrites in the molecular layer of the dentate gyrus represent non-symmetric and excitatory synapses [8, 9] . Therefore, the new synaptic contacts are likely associated with the maintenance and propagation of epilepsy [10] . Additionally, SYP could also have a potential modulatory role in Ca
2+
-dependent release of neurotransmitters, e.g., acetylcholine
and glutamate. This mechanism appears to be consistent with a previous report that the regulation of endogenous glutamate release in synaptic vesicles is the mechanism by which SYP exerts its influence on synaptic plasticity [34] . 
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